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論 文 内 容 要 旨          
InGaN has attracted much attention for various optical devices due to the tunability of its bandgap energy from ultraviolet 
to infrared on increasing the InN mole fraction. At present, InGaN-based blue light-emitting diodes (LEDs) have prevailed all 
over the world as bright white LEDs. In addition to blue LEDs, InGaN LEDs in the ultraviolet to infrared wavelength region 
are widely studied. However, the crystalline quality of InGaN degrades when increasing the InN mole fraction due to the 
immiscibility of InN and GaN and the high equilibrium-vapor pressure of nitrogen between solid and gas phases. In N-polar 
(0001
_
) (–c-plane) InGaN growth, it is well known that the incorporation of InN is more efficient than that of group-III polar 
(0001) (+c-plane) counterpart. This characteristic offers the possibility of overcoming difficulties in growing high-quality 
InGaN with a high InN mole fraction. Despite the above advantages, the growth conditions for obtaining high-quality –c-plane 
InGaN have to be strictly optimized, because a rough surface can be easily formed during the growth process. Thus, there are 
only a few reports on –c-plane InGaN devices. Specifically, there is only one report on –c-plane InGaN LEDs fabricated by 
metalorganic vapor phase epitaxy (MOVPE) on sapphire substrates. In that report, electroluminescence (EL) peak wavelength 
remained to be much shorter than that in conventional +c-plane LEDs. In this thesis, the influence of MOVPE growth 
conditions on –c-plane InGaN has been precisely studied. –c-plane LEDs emitting red to blue colors have been demonstrated 
after understanding the MOVPE growth behavior. Eventually, the mechanism of –c-plane LEDs emitting photons in the long 
wavelength region has been elucidated by characterizing the micro-structural and optical properties of –c-plane InGaN.  
All the samples produced for this thesis were grown by an MOVPE system on a c-plane sapphire substrate. Firstly, the 
effect of the c-plane sapphire-substrate off-cut angle on the InN mole fraction of –c-plane InGaN/GaN was investigated. The 
InN mole fraction of the coherently grown InGaN films increased with the off-cut angle of a substrate. Considering both the 
above results and the fact that the formation of a step bunching that involves inhomogeneity was suppressed, the off-cut angle 
of a substrate used in this work was set smaller than that in the previous reports because the smooth surface should be kept 
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without step bunches. Subsequently, in order to suppress the formation of the metastable zincblende (ZB) phase into the 
wurtzite (WZ) matrix in –c-plane InGaN/GaN multiple quantum wells (MQWs) and the deterioration of the crystalline quality, 
the growth conditions of –c-plane MQWs were further optimized. The ZB-phase was dramatically eliminated by decreasing 
the V/III ratio (the flow rate ratio of NH3 as a N source to the sum of an In and Ga sources), increasing the growth temperature, 
thinning InGaN wells, and introducing hydrogen in the ambient during GaN barriers growth. Consequently, –c-plane 
InGaN/GaN MQWs with an almost pure WZ phase and an atomically smooth surface were successfully grown. Based on 
these results, –c-plane LEDs with the InGaN/GaN MQWs were fabricated. As a result, the extension of the EL peak 
wavelength from 444 to 633 nm under a constant current of 20 mA was realized by changing the growth temperature of 
MQWs from 880 to 790 °C. 
In conclusion, the MOVPE growth technology with respect to the fabrication of –c-plane LEDs obtained in this thesis 
opens a window for LEDs with longer wavelengths than their conventional +c-plane counterpart. 
 
Short summaries of each chapter are provided below. 
In Chapter 1, the background information of the dissertation, including the characteristics and the current status of 
III-nitride semiconductors and their device applications, were explained. Next, the problem of InGaN growth, which is also 
known as the “green gap” issue, was described. The –c-plane III-nitride semiconductor was introduced in this chapter as a 
solution to the “green gap” problem. Finally the outline of the dissertation was presented. 
The MOVPE system utilized in the dissertation was described in Chapter 2. The typical growth sequence for –c-plane 
GaN on a c-plane sapphire substrate was explained. The crystalline qualities and the surface morphologies of –c-plane GaN 
films were precisely investigated and discussed. Finally, –c-plane GaN films on a sapphire substrate with high crystalline 
quality (comparable to that of +c-plane GaN films) was shown. 
In Chapter 3, the effect of the surface off-cut for a c-plane sapphire-substrate angle on the InN mole fraction of –c-plane 
InGaN was investigated. The InN mole fraction of the InGaN films coherently grown on GaN templates formed on sapphire 
substrates was experimentally shown to increase with the off-cut angle of a substrate. In addition, this mechanism was analyzed 
by an atomic model taking into account the number of dangling bonds at the step-edge. 
In Chapter 4, the metastable ZB phase in –c-plane InGaN/GaN MQWs was experimentally confirmed to be formed 
dependently on the growth conditions. In order to suppress the formation of the metastable ZB phase in – c-plane InGaN/GaN 
MQWs and the associated deterioration of the crystalline quality with the incorporation of ZB phase, the growth conditions for 
MQWs were investigated. The ZB-phase was dramatically eliminated with decreasing the V/III ratio, i.e., the flow rate ratio of 
NH3 as a N source to the sum of an In source and a Ga sources, increasing the Tg, reduction of InGaN wells thickness, and 
introducing hydrogen in the ambient during the GaN barrier growth. Consequently, MQWs with almost the pure WZ phase 
and an atomically smooth surface was successfully grown. 
Based on the results described in Chapter 4, –c-plane LED structures with InGaN/GaN MQWs were fabricated. The InN 
mole fraction of MQWs was successfully changed by varying the Tg of well layers from 880 to 790 °C. The emission 
wavelength of the EL was extended from 444 to 633 nm under the operation of the same injection current of 20 mA. 
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Additionally, effects of growth conditions on –c-plane p-type GaN were investigated to improve electrical properties. 
In Chapter 5, the anomalous EL results showing that peak wavelengths were quite longer than those estimated from the 
InN mole fraction of InGaN wells were described. In Chapter 6, to understand these anomalous EL peaks of –c-plane InGaN 
LEDs, the microscopic structural and optical properties of –c-plane InGaN/GaN MQWs were investigated. The formation of 
QD-like InGaN structures was observed as the cause of the anomalous EL peaks. In addition, the large stokes-like shift and the 
emission originating from the transition of the excitonic and biexcitonic state were experimentally discovered through 
electroreflectance and micro-PL measurements, respectively. 
Brief summaries of each chapter were presented in Chapter 7. Finally, future subjects and future prospects of –c-plane 
III-nitride semiconductors were discussed. 
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